This paper presents a design of serial -parallel manipulator for transferring heavy billets for a hot extrusion forging process. To increase the structural rigidity and restrict the endeffector of the robot moving in direction parallel with the ground surface, parallel links were added in between serial links of the manipulator. To validate the design, the kinematic modeling, the kinematic performance analysis and the strength analysis for the robot were taken into account. With respect to the parallel links, the constraint equation was written and put together with the kinematic model. Based on the model formulated, the inverse kinematic, the transferring time, the reachable workspace, the dexterity, and the manipulability index of the robot were analyzed and discussed to demonstrate its kinematical performance. These results are important to assess the working capability and improve the parametric design for the robot. In addition, for verifying the end-effector design in terms of the strength and displacement, the stress distribution and the static deflection of the end-effector module were computed and analyzed by using the computer-aided finite element method (FEM).
INTRODUCTION
Forging is a manufacturing process involving the shaping of metal using localized compressive forces. In general, a hot forging station usually composes of a heating furnace and a forging machine that uses either a hydraulic press or mechanical press for the billet extrusion. Consider a specific hot forging station described in Fig. 1 . At the beginning of a processing cycle, workers grip a billet, weighted about 60 kg, from the billet loading area (Position 1), move and place it onto the heating furnace (Position 2). When the temperature of the billet in the furnace reaches to 1100 0 C, the workers grip the billet again and transfer it into the die mounted on the forging machine (Position 3). After that the forging operation stars to extrude the billet as required. This manual transferring method increases the downtime and consumes the energy and manpower. Therefore, an industrial manipulator is needed for supporting the workers handling the billet. Figure. 2 shows the 3D manipulator design, and Fig. 3 presents the schematic diagram of the robot. The design consists of a fixed base and 9 links jointed by kinematical joints with one degree of mobility. The prismatic joint 1, rotary joints 3 and 4 are driven by hydraulic actuators, respectively. Link 33, link 34 and link 44 are added to close two local kinematics chains. These additions are to increase the loading capacity of the structure and restrict the orientation of the end-effector (link 6). In all cases, the end-effector moves in parallel with the horizontal ground surface. The restriction of the end-effector's orientation makes it convenient when the robot picks up a billet and releases it onto the heating table. In other words, this advantage could help to reduce the complexity of the controlling procedure. Though the proposed design of the hybrid serial-parallel links shows its advantages mentioned, it possesses complexity in modeling and controlling.
For designing and controlling the robot, the kinematics modeling and kinematics performance analysis play a central role that need to be considered specifically. In particular, the static deflection of the end-effector, the stress and the displacement distribution on the the endeffector should be taken into account since the manipulator suffers a heavy payload. The kinematic of general serial manipulators has been the fundamental problem. Further studies in this area could be found in the literature such as the kinematics design of manipulator [1] , the kinematic of the redundant robot [2] , the kinematic of the parallel robot [3, 4] . Modeling and analyzing the design of serial manipulators suffering heavy payload, there has been a number of researches [5 -8] . However, a few researchers interests in modeling and analyzing the hybrid serial -parallel robot structures. In the area of studying on the elastic deformation of the robot structure, the related researches mostly focus on the mathematical modeling of displacement and control of flexible robot [9, 10] . The paper [9] proposes a systematic approach to assess the accuracy of a parallel kinematic machine subject to structural errors and then to effectively compensate for them. Analytical models were constructed for both the nominal and actual structures. The literature review on the state-of-the-art for flexible manipulators [10] reveals that the dynamic analysis and control of flexible manipulators is an emerging area of research in the field of manufacturing, automation, and robotics due to a wide spectrum of applications starting from simple pick and place operations of an industrial robot to micro-surgery, maintenance of nuclear plants, and space robotics. Using the computer-aided finite element approach, researches presented in [11, 12] consider the analysis of how the stress and displacement distributed on links designed with given geometry and material. However, the analysis models in [11, 12] need more detailed calculation of applied torques and forces for links which require the strength analysis specifically. Putting the entire design model of the complex manipulator into finite element calculation and simulation would cause complexity in analyzing alternatives. This paper presents a validation for the design of the robot. The numerical method is employed to analyze the forward and inverse kinematic behavior of the system. Kinematic performance of the design is investigated and discussed also. Finally, the maximum static deflection and the stress distribution on the end-effector are computed by using the computeraided finite element approach (FEM). The presented methodology could be economical and useful for checking up the strength and the loading capacity of the same manipulators designated to handle heavy billets.
KINEMATICS MODELING
In Figure 4 In the reference frame, the homogeneous transformation matrix of the end-effector can be written as 
Equation (3) 
Due to the motion feature of the two parallel links, for every configuration of the system, the relative position of the frames 2 Eqution (5) shows that the joint variable 5 q is dependent. Therefore, the Eq. (4) has only 5 independent variables. Physically, the joint 5 is passive; there is no actuator needed for deriving the joint. Substituting Eq. (1) 
INVERSE KINEMATIC AND KINEMATIC PERFORMANCE DISCUSSION

Inverse Kinematic Analysis
To keep the temperature of the heated billet during the transferring, the robot must move fast enough so that the transferring time is not greater than 22s. In order to analyze the time transferring, and determine the joint variables according to the given task, the inverse kinmatic model needs to be analyzed.
Based on Eq. (6), the inverse kinematic problem is formulated as
Given E p , solving Eq. (7) yields the analytical solution of the inverse kinematic as follows. Equations (8)- (12) show that for any point
given in the workspace, we can determine the value of q analytically. It is noticeable that the inverse computation found is independent of time. For real time control programming, the time-varying history of joint variables ( ) 
By using the presented procedure, the required curve (8) - (12) . Figure 6 shows such the numerical solution to the inverse kinematic equation of the Robot. In the case of transferring billets for the forging process, none of the joint variables changes outside their feasible range. By using this analysis technique it is important to show that at the given velocity ( ) 0.15 sec s t m = ɺ , the transferring time period is 15s.
Reachable Workspace Analysis
Based on the forward kinematic equation, the boundary of the reachable workspace is determined with respect to the specification of the kinematic configuration and the feasible range of joint variables such as 1max It can be observed that the designing Robot can travel all the positions required (Position 1, Position 2 and Position 3) to sever the forging process, even it can be used for other extended applications.
Dexterity Analysis
The kinematic manipulability index,
is the Jacobian matrix, plays an essential role in the kinematical performance analysis since it indicate of how close the manipulator configuration is to the singularity. It should be shown that in which region of q , the index is large enough to avoid singularities, and within this region, the manipulator operates under the desirable dexterity condition. The index for the Robot design is calculated as 
ANALYSIS OF STRESS AND DISPLACEMENT DISTRIBUTION ON THE END-EFFECTOR
Focusing on the structural deformation and strength, structural analysis is a key part of the engineering design of robot structure. For simple structures of manipulator, the stress and displacement fields distributed on components could be determined analytically to check up the strength of the designed parts. However, for complex structural manipulators, the use of robust computational techniques aided by computer reveals its efficiency and accuracy for the analysis. For the considering Robot, the end-effector's strength needs to be considered because the heavy payload is applied. In this section, the static stress and displacement distribution on the endeffector module are computed and simulated by using the finite element method integrated in CAE software Autodesk Inventor (Ansys Machenical). Consequently, the maximum value of the stress and the deflection of the end-effector are determined to exam the safety factor and the loading capability of the Robot. Figure 9 To determine the unknown force R , the following structural model in Fig. 10 is considered. Assigning all obtained values of moment and forces and running the analysis model on the software, the distribution of the stress, safety factor and displacement are yielded and they are shown in Figs. 11 and 12 , respectively.
As depicted in Fig. 11 , the maximum stress is 68.21 Mpa that is much lesser than the yield strength of the designated material, [ ] 99 MPa σ = . As seen in Fig. 12 , the maximum value of the displacement is 0.3237 mm. The simulation also shows that the minimum safety factor is 3.85 that is greater than 2.73 -the allowed safety factor. These results manifest the loading capacity of the designed end-effector with respect to its material and geometry designed.
CONCLUSIONS
In this paper, the design of the serial-parallel robotic system handling billet for a given hot forging extrusion station was analyzed in terms of kinematic and strength aspects. The kinematic modeling and analysis clarify the advantage of the kinematic chain designed. By considering the parallel links, the kinematical constraint equation is written and put together with the kinematic model which shows the reduction of the number of joint variables and restriction of the orientation of the end-effector as desired. These features thus reduce the complexity of the robot control program; the robot grips and releases a billet in an efficient and simple manner. The inverse kinematic analysis shows that the manipulator needs only 15s to transfer a hot billet from the heating furnace to the forging die, provided that the velocity of the end-effector is 0.15 / m s .
The workspace and the dexterity analysis depicts that, for the given task of transferring billets between the required positions (see Fig. 1 ), the manipulator is capable of working flexibly. In the active range of joint variables, the manipulability index analysis reveals that no kinematical singularity arises when the robot operates. Besides, the dexterity analysis could be useful for selecting the proper ratio of the length of links 3 and 4. Finally, by using the finite element method integrated in CAE software, the static stress and displacement distributed on the endeffector are analyzed. The maximum value of the stress and the static deflection of the endeffector computed assess the strength, the safety factor and the loading capability for the robot.
